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1. Introduction

The auroral energy dissipation over the polar ionosphere in the forms

of Joule heat dissipation and particle precipitation during magnetospheric

substorms is one of the central problems in the study of magnetosphere-

ionosphere-thermosphere coupling. To monitor these important quantities,

various techniques have been utilized, including satellite and incoherent

scatter radar measurements (Wickwar et al., 1975; Brekke, 1976; Banks et al.,

1981; Wallis and Budzinski, 1981; Spiro et al., 1982; Vickrey et al., 1982;

Foster et al., 1983, 1986; Fuller-Rowell and Evans, 1987; Hardy et al., 1987;

Lummerzheim, 1987) and the so-called magnetograi-inversion algorithm (Kamide et

al., 1982, 1983, 1986; Ahn et al., 1983; Baumjohann and Kamide, 1984; Richmond

et al., 1988). Satellite and radar data are indeed invaluable in that they pro-

vide direct measurement of these quantities, but the presently available facili-

ties do not have sufficient spatial coverage to provide instantaneous patterns

of the global energy dissipation on a continuous basis. On the other hand, the

magnetogram-inversion methods have an advantage over the more direct techniques

in offering greater spatial coverage for a given instant as well as high time

resolution (say, 5 minutes),although the results are indirect. As pointed out by

Kamide and Richmond (1982), the electric potential distribution, from which the

Joule heating rate is calculated, is seriously affected by the choice of

ionospheric conductance models. Also, the particle heating rate cannot be esti-

mated with this indirect technique, although an attempt (Ahn et al., 1983) has

been made to obtain an empirical relation using Chatanika radar measurements of

the particle heating rate and ground magnetic disturbances at College, Alaska.
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In spite of such limitations of the magnetogram-inversion method, a large number

of studies about the Joule heating rate have been made by employing statisti-

cally constructed conductance models.

Recently, information on precipitatiing electron spectra has been available

through bremsstrahlung X-ray data from satellite measurements (see Imhof et al.,

1974, 1988; Mizera et al., 1978, 1984, 1985). This two-dimensional infor-

mation about precipitating particles makes it possible to estimate the

corresponding global particle heating rate. Furthermore, this technique pro-

vides an opportunity to obtain a realistic global conductance distribution, which,

in turn, allows one to monitor a realistic global Joule heating rate through the

magnetogram-inversion method.

The purpose of this report is to set parameters for the global Joule and

particle heating rates In terms of geomagnetic indices, thus providing an impor-

tant input parameter for the study of energy coupling between the solar wind and

the magnetosphere and thermospheric dynamics. Furthermore, such information

will be useful in estimating the total energy dissipation in the polar

ionosphere.

2. Data and Procedure

Ground magnetometer data from a total of 88 stations in the northern

hemisphere during the period July 23-24, 1983, are used in this study; for a

list of stations, and their locations, see Ahn et al. (1988). The two-day

interval was chosen for study because of continuous data availability and

because the period is characterized by intense magnetic activities in the polar
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region. The first substorm activity on July 23 peaked at 0905 UT and lasted for

several hours. Later, magnetic activity soon increased gradually, and a period

of almost continuous magnetic disturbances persisted until about 0800 UT on July

24. A series of substorms occurred during the rest of the day. The top and

second panels of Figure 1 show the IMF Bz component and the AE(12) index,

respectively, during the two-day interval.

The precipitating electron spectrum was inferred from the bremsstrahlung X-

ray image data obtained from the DMSP-F6 satellite (see, for example, Rosenberg

et al., 1987) by a numerical optimization scheme,which computes the electron

spectral shape such that it is most consistent with the observed X-ray energy

spectrum. Moreover, it can be determined quite accurately, since the transfer

function between the precipitating electron flux and the bremsstrahlung X-ray

flux is well known. While the X-ray technique has a great advantage over the

other method in estimating the large-scale precipitating electron spectral pa-

rameters, there are several drawbacks inherited from the orbital characteristics

of the satellite and the sensitivity of the instrument on board. First, the X-

ray technique is inherently indirect because of the required numerical conver-

sion from X-ray energy to precipitating electron energy. Second, an X-ray image

over the polar region is obtained only every 101 minutes, corresponding to the

orbital period of the satellite. Between 35 and 17 minutes are required to scan

the complete polar region. Fortunately, a marked auroral conjugacy between the

northern and southern hemispheres (Akasofu, 1977, and references therein; Mizera

et al., 1987) makes it possible to use the images taken over both the northern

and southern polar regions, thus providing an updated image about every 50 min-

utes. Further, the AE(12) indices shown in Figure 1 are averaged over 17 minutes,
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the scanning period of the satellite. That imposes a serious limitation for the

study of temporal aspects of substorm dynamics. Third, the low-altitude

satellite could cover the field of view of only about 3000 km. Furthermore, due

to the tilt of the geomagnetic axis to the rotational axis and the inclination

of the satellite (990), quite often a significant portion of the auroral zone Is

out of the field of view. Thus, whenever needed, data manipulation has been

performed to fill up the data gap; for details, see Ahn et al. (1988). Another

weak point of the X-ray remote-sensing technique is its relative insensitivity

to electrons at energies less than 1.5 keV. However, the exclusion of the low-

energy porLion of the spectrum does not significantly affect our estimations of

the total electron energy flux and conductance distribution (e.g., Strickland et

al., 1983). With these limitations in mind, we estimated the particle heating

rate (UA) (ergs/cm2.sec) at each grid point, spaced 10 in latitude and 150 in

longitude from the pole to 500, thus dividing the entire polar region into 960

cells. By integrating the entire polar region with the assumption that the

heating rate is constant within each cell and represented by the value at the

center of the cell, we obtained the global particle heating rate (UA).

The Hall and Pedersen conductances are estimated through the empirical

fonnu a ~( 20Eo 2 ),I/ 2f ormul a1p 4+E212

4+E o

y = (E.)5/8

where Eo is the average electron energy in keV, * is the energy flux in ergs

CM-2 sec-1 , and Jp and YH stand for the Pedersen and Hall conductances in
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mhos, respectively (e.g., Spiro et al., 1982). Other similar relationships

between participating electron spectral parameters and ionospheric conductance

have been proposed (e.g., Robinson et al., 1987), but the differences between

these relationships and that which was used are not significant for their study.

In order to complete the ionospheric conductance distribution, the "background"

conductance of solar UV origin is added, using the model proposed by Kamide and

Matsushita (1979).

Given the ionospheric conductance distribution, an electric potential

distribution can be calculated through magnetogram inversion techniques using

ground magnetic data as input. In this study, an improved version of the

so-called KRM algorithm by Kamide et al. (1981) is employed. Once the

electrostatic potential ( o ) is determined, the Joule heating rate (Uj) is

obtained, as follows:

uj = L p E 2 = p ( -v) 2

where E stands for the electric field. We calculated uj at every grid point

over the entire polar region, as well as the global heating rate (Uj). In

this case, the integration was performed down to 50° , since the contribution of

the Joule heating at mid- and low-latitudes is negligible (Ahn et al., 1983).

Both the Joule and particle heating rates are obtained altogether for 30 epochs,

for which X-ray image data were available.

3. Resul'

In this section, we examine the two energy dissipation modes in the polar

ionosphere on an individual basis. Figures 2 and 3 show the distributions of

the ionospheric current vectors, Joule heating, and particle heating for eight
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Figure 2. The Distributions of the Ionospheric Current, Joule Heating, and

Particle Heating, Plotted in a Magnetic Latitude/Local-Time Refer-

ence Frame for the Epochs of 0000-0015 UIT, 0235-0250 UIT, 2250-2305

UT, and 23 0-2355 UT, on July 23, 1983. The latitude circles mark

latitudes of 80, 70, 60, and 50 ° . The outermost contour leve~s

in the Joule ard particle heating distributions are 5 and lmW/m ,

respectively, ang the adjacent contours are drawn at 5 mW/rn for

•Joule and 1 mW/rn intervals for particle heating rate. The

quantity shown in the lower-right corner of each distribution
depicts the maximum heating rate in mW/r

2. Also shown in the left-

bottom are the integrated heating rates from the pole to 80
°, 70,

600, and 50 ° in watts.
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epochs during the two-day interval. The first two epochs, 0000-0015 UT and

0235-0250 UT on July 23, 1983, shown in Figure 2, represent a quiet period. The

next five epochs, from 2250 UT on July 23 to 0545 UT on July 24, shown partly in

Figure 2 and partly in Figure 3, spanned a period of continuous substorm activ-

ity. The last epoch, shown in Figure 3, represents the most intense substorm

that occurred during the two-day interval. For the purpose of demonstrating the

substorm development, the distribution of ionospheric current vectors is

included for all epochs examined in this study, since the intensification of the

auroral electrojets, and particularly the location of the leading edge of the

westward electrojet, are closely associated with the substorm phases (Kamide,

1982; Kamide et al., 1986; Ahn et al., 1984).

The outermost contours of the distributions of the Joule and particle

heating rates are 5 mW/m2 and 1 mW/m 2 , respectively, and contours are drawn at

5 mW/m2 intervals for Joule heating and at I mW/m2 intervals for the particle

heating rate. The maximum heating rate of each distribution is given in the

lower-right corner in units of mW/m2 . In addition, the globally integrated

heating rates from the pole to 800, 700, 600,and 500 in latitude are also shown

in the lower-left corner in units of watts. The bottom panel of Figure I pre-

sents the globally integrated heating rates of the two energy dissipation modes

for one hemisphere for the 30 epochs. Note that the scale value of the particle

heating rate is enlarged twice for easy comparison. The solar wind energy

coupling function e (Perreault and Akasofu, 1978; Akasofu, 1981) during the two-

day period is also shown in Figure 1.
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a. 0000-0250 UT on July 23

During the epoch at 0000-0015, shown in the top panel of Figure 2, a

significant current flow is found primarily in the dayside cusp region, with

very weak signature of the westward electrojet in the postmidnight quadrant and

of the eastward electrojet in the early evening sector. Also noticeable is an

eastward current flow stretched from the early morning to noon sectors along the

equatorward boundary of the westward electrojet. Such a flow pattern was iden-

tified as a quiet-time character by Ahn et al. (1984). Furthermore, the pattern

is quite similar to the one suggested by Friis-Christensen et al. (1985) for IMF

conditions of positive Bz and nearly null By. The prominent feature of the

Joule heating distribution is an enhanced strip associated with strong current

flow in the dayside cusp region, while the particle heating pattern is charac-

terized by significant energy deposition along the auroral oval in the entire

morning hemisphere.

The situation for two and one-half hours later is shown in the second panel of

Figure 2. The magnetic activity has further decreased during the period, with

the AE(12) index registering as low as 87 nT, while the IMF Bz component showed

a large positive trend. The ionospheric current distribution pattern clearly

reflects such a reduced geomagnetic condition. As expected from the magnetic

activity, the Joule heating distribution exhibits the same characteristics as

before, but the heating rate reduced by a factor of 2. On the other hand, a

drastic change occurred in the particle heating distribution; that is, the glo-

bal heating rate decreased by as much as a factor of 10 compared to the previous

epoch. Furthermore, the maximum heating rate was even lower than the lowest
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contour level, 1 mW/m2. It is interesting to point out that this drastic

decrease in the particle heating rate occurred during a period in which the

magnetic activity in terms of the AE(12) index decreased only about 20 nT from

the level of under 100 nT. Although it is not shown in Figure 1, the two and

one-half hour interval followed an intense substorm, which maximized at about

2230 UT on July 22, suggesting perhaps that the two cases examined here might,

in fact, be during the late recovery phase of a substormn. If that is indeed the

case, the electric field strength that is largely responsible for the Joule

heating seems to decrease much more slowly than does the intensity of particle

precipitation.

b. 2250 UT on July 23-0545 UT on July 24

After having attained a large positive value at about 1200 UT on July 23,

the IMF Bz component began to switch gradually southward and reached a more or

less stable period with a large southward component of about -10 nT. Although

there were several hour-long data gaps, such a stable southward IMF condition

seems to persist for more than 6 hours. The five epochs chosen for examination

here roughly coincide with this period. Before examining them, several

interesting features observed during the preceding epochs but not selected as

examples for discussion deserve brief mention.

Due to a large data gap of the IMF after about 1500 UT on July 23, it is

difficult to determine at which moment the IMF turned southward. However, the

steady increase in magnetic activity in terms of the AE(12) index indicates that

there was a continuous energy input from the solar wind during the period. Note

that the AE(12) index at about 1600 UT on July 23 registered as high as 400 nT

17



without any significant X-ray fluxes, suggesting that the intensity of the

precipitating electrons at energies above 1 keV was well under the threshold

value of the X-ray detector. This indicates that the enhancement of the

electric field seems to be more important than the enhancement of the

ionospheric conductance for the high geomagnetic activity during that period.

In contrast, the opposite trend of a significant particle precipitation

without accompanying any appreciable enhancement of the AE index occurred during

the epoch at 0000-0015 UT on July 23, which is considered as the recovery phase

of an intense substorm. Appreciable particle heating began only at about 1650

UT. Unfortunately, the IMF data gap during the period and the limited time

resolution of the image data prevent us from relating the onset of appreciable

particle precipitation with the IMF variation.

The ionospheric current distribution at 2250-2305 UT on July 23 shows well-

developed auroral electrojets, which are closely associated with the major Joule

heating regions except for the late evening and local midnight sectors where no

significant heating was present. Such characteristics of the heating pattern

have also been reported from the Chatanika radar measurements (Banks, 1977;

Vickrey et al., 1982). On the other hand, the particle heating occurred mostly

over-an oval-shaped region with the globally integrated heating rate being 3.5 x

1010 watts, corresponding to 13.5% of the global Joule heating rate. A com-

parison of the spatial relationship of the two heating modes reveals interesting

aspects. First, the regions of appreciable particle heating are located

generally equatorward of the major Joule heating regions particularly in the

morning sector. Second, the particle heating is intense In the premidnight

18



quadrant, where the Joule heating is relatively unimportant. Thus, the entire

auroral latitude is a region of strong energy deposition due to the complemen-

tary longitudinal distribution of Joule heating and particle heating.

The ionospheric current distribution during the period 2340-2355 UT on

July 23 shows more disturbed signatures than were present 50 minutes earlier.

Notice that the auroral electrojets, particularly the leading edge of the west-

ward electrojet in the midnight sector, expanded equatorward and intruded into

the evening sector, indicating that this epoch was during the maximum phase of a

substorm (Kamide, 1982; Ahn et al., 1984). In spite of such a dramatic growth

of the midnight auroral electrojet, the Joule heating distribution pattern of

this epoch is basically the same as that of the previous epoch, with the two

major heating regions centered in evening and morning hours. Interestingly,

both the global heating and the maximum heating rates decreased more than 15%

compared to the previous epoch.

On the other hand, significant changes occurred within the 50 minute period

in the particle heating rate, both in the magnitude and its distribution pattern.

The global particle heating rate (UA) increased by a factor of almost 2 over the

previous epoch. These changes in the distribution pattern are characterized by

the expansion of the major heating regions, both in the equatorward and poleward

directions and their shift from the evening sector to the postmidnight quadrant.

The particle heating seems to be significant only during the maximum phase of

substorms and to have more pronounced local structures than does the Joule

heating distribution.
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During this prolonged southward IMF period, there were several electrojet

intensifications. The epoch 0210-0225 UT on July 24 is during one such period.

The ionospheric current distribution of this epoch, shown in Figure 3, clearly

exhibits the signature of the maximum phase with the deep intrusion of the west-

ward electrojet into the evening sector along the poleward boundary of the east-

ward electrojet. As expected, the overall features of the Joule heating

distribution are quite similar to those of the two previous examples, with some

additional enhancements in the noon and early evening sectors. Again, no signi-

ficant Joule heating is found in the midnight sector.

The particle heating distribution of this epoch in Figure 3 is charac-

terized by a very strong energy deposition along the auroral oval on the dusk

side. The global particle heating rate (UA) registered about I x 1011 watts,

the highest rate during the two-day interval, although it is not the most

disturbed epoch in terms of the AE(12) index. The maximum heating region in

the evening sector is probably associated with a westward traveling surge. It

Is about 25 mW/m2 , which is comparable with what has been estimated from more

direct measurements using the Chatanika radar (Wickwar et al., 1975; Vickrey et

al., 1982). Compared with the previous epoch at 2340-2355 UT on July 23, UA

-increased by a factor of almost 2, while Uj gained only 56%. This makes the

ratio UJ/UA drop to as low as 3, indicating again that the particle energy depo-

sition is most important during the maximum phase of a substorm. On the other

hand, the lack of similarity between the two consecutive particle heating

distributions further confirms that the heating is highly variable, both spa-

tially and temporally.
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Two examples shown in the second and third panels of Figure 3 represent a

period during which the energy input from the solar wind slowly wanes. The

ionospheric current distributions during the period clearly reflect such a

signature. In addition to the gradual reduction of the overall current inten-

sity, the westward electrojet starts to retreat toward the morning sector,

suggesting that this is the recovery phase of a substorm. The Joule heating

distribution shows much more clearly the decreasing trend of the solar wind

energy input. Note that the two major heating regions associated with the

auroral electrojets retreated toward dayside. In contrast to the Joule heating

rates, which show a steady decrease, the global particle heating rates increased

momentarily, in particular, along the equatorward edge of the auroral oval in the

morning sector. It suggests again that the particle heating shows more abrupt

temporal variation than does the Joule dissipation. Furthermore, such an enhance-

ment seems to relate to the release of the stored energy in the magnetotail

region, since it occurred during a period of decreasing solar wind energy input.

Although the heating distribution patterns are not shown in Figures 2 and 3, a

similar situation has been obtained for other intervals when the solar wind

energy input was decreasing, e.g., around 0700 UT on July 24.

c. 1305-1320 UT on July 24, 1983

The IMF turned sharply southward at about 1110 UT on July 24 and per-

sisted for about two hours, maintaining a large negative Bz component of less

than -10 nT. The AE(12) indices and the solar wind energy coupling function,

shown in Figure 1, clearly reflect a period of relatively isolated and high

energy input. The epoch at 1305-1320 UT on July 24, 1983, shown as the last
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example in Figure 3, seems to represent the maximum phase of an intense sub-

storm; the AE(12) index was 1303 nT. This is the most disturbed epoch during

the two-day interval examined in this study. The ionospheric current distribu-

tion shows the signature of the maximum phase with the well-developed westward

electrojet intruded deeply into the evening sector. Although there are many

fine-scale structures, the Joule heating distribution retains basically the same

characteristics, i.e., the two major heating regions associated with auroral

electrojets. However, one point which is unique in the cases examined in our

study is that a significant Joule dissipation occurred in the midnight sector,

where usually no appreciable heating was present in other cases. It can be

argued that the low heating region that was previously located in the midnight

sector shifted westward into the early evening sector. This shift of the mini-

mum Joule heating region is closely associated where the region of the most

intense electrojet is located.

The particle heating pattern of this epoch is highly structured, with the

maximum heating region located in the evening sector. Furthermore, the region

of high energy deposition is collocated with the leading edge of the westward

electrojet that has intruded into the evening sector, probably closely asso-

ciated with the westward traveling surge.

A comparison between the global Joule (UJ) and the particle (UA) heating

rates sheds some light on the energy deposition mode during a substorm. As

would be expected from the high magnetic activity during this epoch, Uj recorded

the highest rate during the entire two-day interval, while the corresponding UA

also showed a considerable increase but not the greatest one. The ratio UJ/UA
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is about 6 in this particular case, suggesting that Joule heating is the domi-

nant energy dissipation mode, even during the maximum phase of a substorm.

Recalling that particle heating is most important during the maximum phase of a

substorm, we found a minimum value of 3 in the UJ/UA ratio to occur at such a

maximum of 0210-0225 UT. However, the variation in this ratio suggests that

energy dissipation mechanisms may vary between substorms.

4. Statistical Analysis

Various attempts have so far been made to estimate the global Joule (Uj)

and particle (UA) heating rates, particularly in terms of one of the geomagnetic

indices (Wallis and Budzinski, 1981; Nisbet, 1982; Spiro et al., 1982; Ahn et

al., 1983; Baumjohann and Kamide, 1984). Such studies provide major input para-

meters for studies of solar wind-magnetosphere coupling (e.g., Akasofu, 1981;

Baker et al., 1986) and the thermospheric dynamics (e.g., Roble and Ridley,

1987; Mazaudier et al., 1987). In the following subsections, the global Joule

and particle heating rates based on the 30 available X-ray images are parame-

terized by the AE(12) index, and the relationship between the two heating rates

is examined statistically.

a. -The global Joule heating rate and the AE(12) index

This data set gives a unique opportunity to re-evaluate the expression

relating Uj and the AE(12) index, since Uj calculated in this report is, for the

first time, based on realistic, instantaneous, and global conductance distribu-

tions. For a total of 30 available X-ray images, a scatter diagram of the two
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quantities was constructed; see Figure 4. There is a significant linearity be-

tween them. The correlation coefficient is found to be 0.90, suggesting that Uj

can be estimated reasonably well from the AE(12) index. The expression relating

Uj to AE(12) for one hemisphere is Uj = 0.33 AE(12), where Uj and AE(12) are in

units of gegawatts (GW) and nanoteslas (nT), respectively. It is interesting to

compare this with previous studies. Ahn et al. (1983) and Baumjohann and Kamide

(1984) obtained similar relationships, i.e., Uj = 0.23 AE(12) and Uj = 0.32

AE(12), respectively. That these three results, although based on completely

different conductance distributions, are quite comparable seems to support the

statistically determined conductance models which were employed in the previous

studies, as far as the total heating rate is concerned. Note, however, that

since Uj is a globally integrated quantity, such comparability does not

necessarily imply that there are also spatial similarities in the major heating

regions among the Joule heating distributions resulting from different conduc-

tance models. The distribution pattern is as important as the magnitude of Uj

in understanding polar ionospheric electrodynamics.

b. The global particle heating rate and the AE(12) index

Many studies have been devoted to estimating the global particle heating

rate (UA), particularly as a functional form of geomagnetic indices. For

this purpose, satellite particle measurement data have been widely used. Un-

fortunately, a satellite provides particle data only along its trajectory. On

the other hand, although It has a limited field of view, X-ray image data give

two-dimensional information about particle precipitation, thus making it

possible to obtain an "instantaneous" global particle heating distribution. For

the 30 image data, the relationship between UA and AE(12) is shown in Figure 5.

There is a recognizable linearity between them, with a correlation coefficient
24
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of 0.67. This indicates that the particle heating rate shows more variability

than the Joule heating rate does for the sane level of the geomagnetic activity.

From Chatanika radar measurements, Vickrey et al. (1982) showed that both

heating rates increase as the geomagnetic activity intensifies, but there is

better linearity between the Joule heating rate and the electrojet current

intensity than between the particle heating rate and the current intensity; see

their Figure 12.

The expression relating UA and AE(12) is obtained from Figure 5 as UA (GW)

= 0.06 AE(nT). In an effort to estimate the total energy dissipation in the

magnetosphere, Akasofu (1981) introduced a similar formula, i.e., UA = 0.1

AE(12). There are also several other studies based on satellite particle

measurements. Wallis and Budzinski (1981) estimated UA for two activity

levels. For the moderate activity level expressed by the Kp index ranging from 3+

to 9, UA was 12 GW. Although we cannot make direct comparison with the present

study, their result seems to be more underestimated than the present one.

Employing a similar method and data, Spiro et al. (1982) obtained another

empirical formula, UA (GW) = 0.175 AE (nT) + 16, which is larger than ours by a

factor of 3 or so. Another estimation based on satellite particle data was made

by Foster et al. (1986). with an introduction of the precipitation activity

index ranging from 1 to 10. For example, at the level 7 corresponding to 3+ in

the Kp index, UA is about 30, and it reaches 96 GW during the maximum activity

level. On the other hand, Ahn et al. (1983) devised a simple empirical formula

relating the particle heating data estimated from Chatanika radar measurements

with the ground horizontal magnetic disturbances. Interestingly, their formula

relating UA to AE(12) happens to be nearly exactly the same as that resulting

from the present study. Recently Lummerzheim (1987) introduced a method to
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estimate the two-dimensional spectral information on the precipitating par-

ticles from the DE satellite optical data. According to one example, UA was 110

GW when AE(12) was approximately 750 nT.

c. The relationship between the Joule and particle heating rates

Figure 6 shows the relationship between Uj and UA with the correlation

coefficient of 0.52. One important point to be learned from the figure is the

ratio of Uj to UA, which has a profound implication for the energy dissipation

mode in the polar ionosphere (Baker et al., 1986). According to Wickwar et al.

(1975), who used Chatanika radar data, the ratio varies from about 3 to 1/4,

while Vickrey et al. (1982), using the same radar measurements, concluded that

the daily averages of the two energy dissipation rates are roughly equal.

Unlike these studies, Figure 6 shows that on the average, Uj is larger than UA by

a factor of 6. However, several points deserve to be mentioned before these

results are directly compared. First, the particle heating rate by Wickwar et

al. (1975) tends to be larger than that found by Vickrey et al. (1982). This

can be explained by noting that the former is based on measurements made primar-

ily around local midnight where particle heating is dominant, while the latter

is based on 24-hour synoptic measurements. Second, in comparing the result by

Vickrey et al. with the present study, it should be pointed out that the radar

covers a latitudinal width approximately from 620 to 680. This leaves out a

significant portion of the major Joule heating regions, which are most often

located poleward of the enhanced particle heating regions, and thereby

underestimates Uj. The various examples shown in Figures 2 and 3 clearly

demonstrate that up to 50% of the Joule dissipation occurs north of 680 in lati-

tude.
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There are other observations supporting such a distribution pattern. Using

the ion drift velocity and the particle precipitation observed from the AE-C

satellite, Foster et al. (1983) determined statistical Joule heating distributions

and confirmed that the peak input occurs between 70* and 750 in latitude during

equinoctial seasons and between 650 and 750 during summer and winter; see their

Figure F On the other hand, Rich et al. (1987) obtained the same quantity by

combining data of precipitating electrons from the DMSP satellite and the

simultaneously measured field-aligned currents. Their result clearly shows that

the major Joule dissipation occurs around 70* or further poleward; see their

Figure 3. Such studies suggest that the Chatanika radar located at 650 tends to

underestimate Uj, while UA, which occurs roughly within its field of view, is

reasonably registered. Thus despite some underestimation of UA in this study,

it is quite clear that Uj is a more dominant energy source than UA in the polar

ionosphere, even during the maximum phase of substorms. The following obser-

vation further supports this conclusion. During the early phase of the substorm,

starting at about 1400 UT on July 23, the satellite could not register any

significant X-ray image, because the weak signal was below the threshold of the

instrument, so the epochs were treated as missing data periods. If we could

include such periods in our analysis, although it is not practically possible,

the ratio would rise because the moderately disturbed magnetic activity during

the period must accompany considerable Joule dissipation.

A scatter diagram of the UJ/UA ratio and the AE index presented in Figure 7

Illustrates another aspect of the heating. One can see that the range of the

ratio is very wide, fluctuating by more than a factor of 10 for a given level of

geomagnetic activity. The correlation coefficient between the ratio and AE is
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found to be 0.05, indicating that there is no relationship with the AE index.

The mean value of the ratio, say about 6, further suggests that the Uj is the

dominant energy source. Such large fluctuations in the two-energy dissipation

modes shed some light on magnetospheric processes during substorms. In exa-

mining individual epochs, it has been noticed that the two-energy dissipation

mode does not seem to occur in phase; the Joule heating rate increases as magne-

tic activity intensifies, while the particle heating rate is significant only

during the maximum phase of substorms and afterward. This may partially explain

large fluctuations in the ratio, although there may be an intrinsic difference

of this ratio from substorm to substorm (Wolf et al., 1986).

5. Summary and Discussion

With the advent of a method to estimate the precipitating particle paramn-

eters and, as a by-product, the ionospheric conductance distribution from

bremsstrahlung X-ray image data, it is possible to obtain "instantaneous" par-

ticle and Joule heating rates incorporated with the magnetogram-inversion

method. It is also important to mention that the two heating rates thus

obtained are independent of one another, since the Joule heating rate was

obtained by using a conductance distribution that is estimated independently

from the ground magnetometer data. In an attempt to apply the new method, the

two-day interval of July 23-24, 1983, has been selected, during which 30 X-ray

images were available. Particular attention was paid to the spatial and tem-

poral relationship between the two-energy dissipation modes. In spite of some

shortcomings arising from the orbital characteristics of the satellite and the

limitations of the instrument and measurement technique, we can summarize some

prominent features of the auroral energy deposition as follows:
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1. Regions of significant Joule dissipation are closely related to the

auroral electrojets, with the high heating regions in the dawn and dusk sectors

either extending toward the local midnight sector or shrinking back from the

local noon, depending on magnetic activity. However, the local midnight or

sometimes late evening sector seems to have no significant Joule dissipation,

while the dayside cusp region registers a considerable heating which depends

only weakly upon the magnetic activity.

2. A significantly high correlation exists between the global Joule

heating rate Uj and the AE index, thus allowing us to estimate reliably the

possible UJ in terms of the AE(12) index: Uj (GW) = 0.33 AE(12) for one

hemisphere.

3. The particle heating tends to be more prominent during the maximum

phase of a substorm and afterward than during the pre-expansion phase.

Furthermore, the particle heating shows many localized structures, particularly

during the maximum phase, when the maximum heating region is located at or near

the local midnight sectorwhere the Joule heating rate is relatively un-

important.

4. Although the relationship between the global particle heating rate UA

and the AE index is less clear than that between Uj and the AE index, it still

gives some idea about the contribution of UA during substorms: UA (GW) = 0.06

AE(12) for one hemisphere.

5. The major Joule dissipation usually occurs poleward of the major par-

ticle heating regions, particularly in the morning sector. The two heating

patterns are complementary in the longitudinal direction, with the low Joule
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dissipation in the local midnight made up for by the relatively strong particle

heating.

6. The fact that the UJ/UA ratio varies by more than a factor of 10

reflects the wide variability in the relative importance of the two

heating rates, changing from substorm to substorm and/or from one substorm

phase to another. However, the high average ratio of about 6 suggests that

the auroral energy deposition during substorms is dominated by the Joule

dissipation.

The relative importance of the two heating modes and their temporal behav-

ior during substorms provides an important clue concerning the coupling between

the solar wind and the magnetosphere. The global energy deposition over the

polar ionosphere during the early phase of substorms, which is dominated by the

Joule heating, is closely associated with the enhancement of the electric field,

since the conductance enhancement during the period is generally insignificant.

Thus energy seems to be dissipated primarily by a directly driven process, since

the solar wind electric field controls the cross-polar cap potential difference

through the dayside reconnection process (Reiff et al., 1981; Reiff and Luhmann,

1986; Schindler et al., 1987), which in turn controls the electric fields In the

polar ionosphere. Furthermore, one can notice that in spite of some impulsive

nature, the enhanced level of Uj in the bottom panel of Figure 1 is roughly in

phase with the variation of the solar wind energy coupling function e shown in

the same figure, suggesting that the direct energy transfer from the solar wind

to the auroral ionosphere is a dominant process. On the other hand, the global

particle heating rate tends to be significant during the maximum phase of a

substorm and afterward, indicating that the energy is being released explosively
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from the tail region, having been stored during the pre-expansion phase.

However, it should be mentioned that the enhanced particle heating rate, even

during the maximum phase of a substorm and afterward, comprises only a small

fraction of the total energy dissipation over the polar ionosphere.

These observations support the previous conclusion that magnetospheric

substorms draw energy from both the directly driven and unloading processes

(Wolf et al., 1986; Baker et al., 1986; Sauvaud et al., 1987), although the

former, which is associated with Uj, is greater than the latter. Recently,

through a simulation study, Lee et al. (1985) have also showed that the enhanced

level of the AE index is due to direct energy transfer from the solar wind

through the near-earth magnetopause to the polar atmosphere, while the impulsive

changes in the AE index are the manifestation of the repeated occurrence of

i;A asmoids.
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LABORATORY OPERATIONS

The Aerospace Corporation functions as an "architect-engineer" for

national security projects, specializing in advanced military space systems.

Providing research support, the corporation's Laboratory Operations conducts

experimental and theoretical investigations that focus on the application of

scientific and technical advances to such systems. Vital Lu the sur-- of

these investigations is the technical staff's wide-ranging expertise and its

ahility to stay current with new developments. This expertise is enhanced hy

a research program aimed at dealing with the many problems associated with

rapidly evolving space systems. Contributing their capabilities to the

research effort are these individual laboratories:

Aerophysics Laboratory: Launch vehicle and reentry iluid mechanics, heat
transfer and flight dynamics; chemical and electric propulsion, propellant

chemistry, chemical dynamics, environmental chemistry, trace detection;
spacecraft structural mechanics, contamination, thermal and structural
control; high temperature thermomechanics, gas kinetics and radiation; cw and

pulsed chemical and excimer laser development including chemical kinetics,
spectroscopy, optical resonators, beam control, atmospheric propagation, laser
effects and countermeasures.

Chemistry and Physics Laboratory: Atmospheric chemical reactions,
atmospheric optics, light scattering, state-specific chemical reactions and
radiative signatures of missile plumes, sensor out-of-field-of-view rejection,
applied laser spectroscopy, laser chemistry, laser optoelectronics, solar cell

physics, battery electrochemistry, space vacuum and radiation effects on
materials, lubrication and surface phenomena, thermionic emission, photo-
sensitive materials and detectors, atomic frequency standards, and

environmental chemistry.

Computer Science Laboratory: Program verification, program translation,
performance-sensitive system design, distributed architectures for spaceborne
computers, fault-tolerant computer systems, artificial intelligence, micro-
electronics applications, communication protocols, and computer security.

Electronics Research Laboratory: Microelectronics, solid-state device

physics, compound semiconductors, radiation hardening; electro-optics, quantum
electronics, solid-state lasers, optical propagation and communications;

microwave semiconductor devices, microwave/millimeter wave measurements,
diagnostics and radiometry, microwave/millimeter wave thermionic devices;

atomic time and frequency standards; antennas, rf systems, electromagnetic
propagation phenomena, space communication systems.

Materials Sciences Laboratory: Development of new materials: metals,
alloys, ceramics, polymers and their composites, and new forms of carbon; non-
destructive evaluation, component failure analysis and reliability; fracture
mechanics and stress corrosion; analysis and evaluation of materials at

cryogenic and elevated temperatures as well as in space and enemy-induced

environments.

Space Sciences Laboratory: Magnetospheric, auroral and cosmic ray

physics, wave-particle interactions, magnetospheric plasmd waves; atoospheric
and ionospheric physics, density and composition of the upper atmosphere,
remote sensing using atmospheric radiation; solar physics, infrared astronomy,
infrared signature analysis; effects of solar activity, magnetic storms and

nuclear explosions on the earth's atmosphere, ionosphere and magnetosphere;
effects of electromagnetic and particulate radiations on space systems; space

instrumentation.


